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Even though our findings are limited to the learning of novel 
phonological patterns, the current study still reveals reliable evidence of 
neocortical rapid plasticity induced by the learning of novel tonal words, 
taking advantage of the MMN paradigm. First, this paradigm has been 
repeatedly shown to elicit automatic and word-specific electrical 
responses as a robust index of long-term memory traces of spoken word 
knowledge (Shtyrov & Pulvermüller, 2007). Second, using this paradigm, 
we can maximally match the physical features of the deviant and standard 
stimuli to minimise the possibility that the MMN responses are caused by 
the acoustic difference rather than the lexical access.  
4.5. Conclusion 
Using novel segment-tone patterns derived from Mandarin Chinese, we 
tested whether passive perceptual exposure to novel tonal word forms 
leads to rapid reconstruction of long-term neuronal connections. We found 
enhanced MMNs to the novel tonal word over the left-hemispheric 
electrodes after a 14-minute exposure. The results suggest that repeated 
exposure to a novel segment-tone pattern can trigger the rapid 
development of long-term memory traces of novel tonal word forms by 
strengthening neural connections between the segmental and tonal 
representations, following Hebbian learning rules. Our MMN findings are 
supportive of a recent neocortex-based rapid learning theory for spoken 
word learning, arguing that the initial phase of learning (i.e., rapid learning) 
could lead to long-term changes in the neocortex without overnight 
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Recognising a spoken word relies on rapid and accurate access to its 
lexical-level representation. The phonological part of lexical-level 
representations is composed of sound patterns corresponding with the 
spoken forms of words (Swingley & Aslin, 2000). Lexical-level 
representations of phonology can be based on low-level representations of 
phonemes and other sublexical phonological knowledge (Dahan & 
Magnuson, 2006). How these representations are accessed during spoken 
word recognition has attracted much attention in psycholinguistic research 
over the past decades. 
Using neurophysiological recording techniques such as 
electroencephalography (EEG) and magnetoencephalography (MEG), a 
number of studies have revealed evidence that is supportive of rapid 
access to lexical-level representations. That is, the input of some 





neural responses related to lexical-level processing, even before attention 
sets in (Shtyrov & Pulvermüller, 2002; Pulvermüller et al., 2001; 
Alexandrov et al., 2010; Shtyrov et al., 2011; Gu et al., 2012). Many of 
these studies used mismatch negativity (MMN) to index activation of 
lexical-level representations. The MMN, measured with EEG and MEG, 
is a neural response to any deviant auditory stimulus with low recurrence 
probabilities in a sequence of more frequently presented standard stimuli 
(Näätänen et al., 1978; Näätänen, 1995). In a seminal study by 
Pulvermüller and colleagues (Pulvermüller et al., 2001), the researchers 
found that deviant Finnish words elicited more prominent MMNs than 
deviant pseudo-words in native speakers. The peaking latency of the 
MMN effect was about 150 ms after the time point (i.e., recognition point) 
when the deviant stimulus became physically different from the frequently 
presented standard stimulus (e.g., Finnish deviant lakki versus standard 
lakko; the recognition point is the onset of the sounds corresponding with 
the underlined letters). However, this effect was not identified in non-
native Finnish speakers. These results indicate fast access to lexical-
specific long-term memory traces represented in the cortical network.  
Recently, an MEG study found the neurophysiological marker of an 
ultra-early divergence between the responses to passively delivered real 
words and pseudo-words approximately 50-80 ms after the onset of word-
final consonants (MacGregor et al., 2012). In line with MMN studies, the 
researchers set the recognition point of a word form at the onset of the 
final phoneme after which the lexical status of a word pattern could be 
determined (e.g., cut and *cuck). This result suggests that the human brain 
can rapidly access the neural circuitries representing word-level 
knowledge.  
Despite the fact that these findings have contributed critical temporal 
information on the human brain's function for recognising auditory signals 
as lexical input in the perception system, it remains unclear how 
representations of words carrying lexical tones are accessed. This is of 
special interest to us because one recent study showed that a spoken 
monosyllabic Chinese word form could access its lexical-level 
representation instantly after the initial proportion of the spoken tonal 
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word unfolds (Yue et al., 2014). Secondly, using passive experimental 
paradigms like an oddball paradigm, most studies presented acoustically 
similar words and pseudo-words alternatively in the same experimental 
block. In this case, the repeated occurrence of real and pseudo-word forms 
sharing a large proportion of their segments may lead to some rapid 
learning effect on the deviant evoked brain potentials (e.g., Shtyrov et al., 
2010; Shtyrov, 2011; Yue et al., 2014). This impact may mask the 
distinctive response patterns between real word and pseudo-word 
recognition. In the current study, we further examined early access to 
neural representations of tonal word forms derived from Mandarin 
Chinese. To avoid any co-occurrence of acoustically similar real words 
and pseudo-words, we used a habituation design to measure the decrement 
of auditory evoked brain potentials (AEPs) with repeated word forms.  
5.1.1. The phonological representation of tonal word forms in Chinese 
In contrast to non-tonal Indo-European languages, approximately 60-70% 
of languages in the world use systemic variation of suprasegmental 
patterns over the same segment to express different meanings (Yip, 2006). 
Mandarin Chinese (also called Putonghua in mainland China), is a widely 
used language with four lexical tones. Physically, lexical tones are related 
to the fundamental frequency (F0) of a segment. In Mandarin Chinese, the 
typical F0 contours of the four tones are as follows: Tone 1 is high level 
flat (—), Tone 2 is high-rising ( / ), Tone 3 is low-dipping (∨), and Tone 
4 is high-falling ( \ ) (Duanmu, 2002). Monosyllabic morphemes (e.g., zì 
in Chinese) are the basic linguistic unit in Chinese. A large number of 
monosyllabic morphemes are words which have independent semantics 
and are the most frequently used word type in modern Chinese (Wang et 
al., 1986). For a monosyllabic word, the same segment pattern can convey 
different meanings when overlaid with contrastive tones. For example, 
/ma1/(妈) means mother, but /ma3/(马) means horse. Apart from the tones, 
Mandarin has simpler segmental structures than European languages. A 




rime, only single vowels, diphthongs or the nasalised form of the rime 
vowels with [n] and [ŋ] are permitted.  
The linguistic characteristics of Chinese suggest different representational 
structures between tone and non-tone words. Although the weights of 
tonal and segmental cues in tone word recognition are still under debate 
(see Schirmer et al., 2005 and Zhao et al., 2011 for comparable roles of 
tones and segments; see Hu et al., 2012 and Wiener & Turnbull, 2015 for 
a primacy of segmental processing), many studies of Chinese languages 
have shown that segmental and tonal features are represented separately, 
based on behavioural and neural measures (Cutler & Chen, 1997; Lee, 
2007; Luo et al., 2006; Li et al., 2009; Hu et al., 2012; Li et al., 2014). 
Therefore, it is necessary to consider lexical prosody when modeling the 
processing of tonal words. Several studies have attempted to construct 
models to explain how tonal word forms are mapped onto the 
phonological representations of monosyllabic Chinese words by adapting 
the TRACE model (Ye & Connine, 1999; Zhao et al., 2011; Malins, 2013). 
Despite some disparities, a consensus among these models is that 
phonological representations consist of two separate representational 
levels: a low-level representation of onsets (i.e., consonants), rimes (i.e., 
vowels), and tones, and a high-level representation of whole-word 
knowledge. The whole-word phonology at the higher representational 
level can be conceptualised as the lexicalised combinations of low-level 
representations. The division of high and low representational levels 
allows bi-directional top-down and bottom-up processing.  
While the activation of a low-level phonological representation is 
incremental per se as a spoken word unfolds, it remains unclear when the 
lexical-level representation can be accessed in tonal word recognition. 
With the ERP technique that gives high temporal resolution, several 
studies found that the word-level processing of monosyllabic tone words 
in Chinese could take place in the N400 time window which is 
approximately between 300-500 ms after the onset of target auditory 
words (Schirmer et al., 2005; Zhao et al., 2011; Malins & Joanisse, 2012). 
The N400 is a negative-going ERP component, and has been functionally 
associated with semantic processing and/or access to long-term word 
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memory (Kutas & Hillyard, 1984; Kutas & Federmeier, 2000; Kutas & 
Federmeier, 2011). These studies found larger amplitude of the N400 
elicited by auditory Chinese words that mismatched a given context than 
the N400 for those words in a congruent context.  
However, our recent study with an oddball paradigm showed that a rapidly 
learned tonal pseudo-word form could activate MMNs recorded over the 
left-hemispheric electrodes around 220 ms post stimulus onset (Yue et al., 
2014). Furthermore, in a time window between 60 to 110 ms post stimulus 
onset, which is typical for the auditory evoked potential N1, we also 
identified an unexpected mismatch effect which differed between the ERP 
response to the ‘unlearned’ tonal pseudo-word form and the response to 
the same word form after perceptual training. These results were explained 
as evidence of very early access to lexical-level phonological 
representations of tone words in the time windows of N1 and MMN before 
the semantic access indexed by the late N400. However, when the MMN 
responses were calculated by using the data in the whole training session 
instead of being analysed in the early and late phases of perceptual training 
separately, the effect in the N1 time window vanished. This suggests that 
the oddball paradigm may not be a reliable method to investigate lexical-
level processing in the pre-MMN time windows.   
The present study further examined whether the existence of lexical-level 
phonological representations can induce differential brain responses to 
monosyllabic real and pseudo Mandarin words in the pre-MMN time 
windows. We targeted two AEPs, N1 and P2, which usually centre around 
100 ms and 200 ms after the onset of an auditory stimulus. To avoid any 
confounding induced by low-level phonological processing difficulties, 
we created tone-manipulated pseudo-words by combining a legal segment 
pattern with a lexical tone to derive a novel segment-tone pattern which 
does not exist in Mandarin Chinese. For example, the combination of 
segment pattern /na/ and Tone 3, /na3/ (哪), means ‘where’, whereas the 
combination of /na/ and Tone 1, */na1/, is a meaningless pseudo- word -
form. Therefore, this type of pseudo-word has segmental and tonal 




5.1.2. Habituation of AEPs 
To investigate lexical processing in the pre-MMN time windows, we 
adopted an auditory short-term habituation design in the current study 
which showed sensitivity to N1 and P2 components. Habituation11 has 
been considered an elementary form of non-associative learning, referring 
to a decrement in responsiveness with repeated stimulation which does not 
involve sensory adaptation or fatigue (Harris, 1943; Sharpless & Jasper, 
1956; Thompson & Spencer, 1966; Rankin et al., 2009). Decreased 
responses can recover when the stimulation is withheld for a stimulus-free 
period (Pinsker, Kupfermann, Castellucci, & Kandel, 1970). Habituation 
of responses is believed to be a result of short-term neural plasticity in the 
respective neural network activated by the stimulation (see Kandel, 2001 
for a review). The neural mechanism behind this phenomenon is that 
repeated stimulations, usually innocuous, reduce synaptic efficacy and 
connective strength between the neurons responding to input and the 
neurons receiving output, leading to decrement in the behavioural and 
electrophysiological responses (e.g., Castellucci, Pinsker, Kupfermann, & 
Kandel, 1970; Castellucci & Kandel, 1974).  
In the auditory domain, habituation has been reliably reflected by the 
reduced amplitude of late-latency AEPs such as N1 and P2, or their MEG 
event-related field (ERF) homologues N1m and P2m12, typically recorded 
around the vertex (e.g., Fruhstorfer, Soveri, & Järvilehto, 1970; Rust, 1977; 
Rosburg et al., 2010; Wang & Knösche, 2013). The auditory N1 is a 
                                                     
11 Since the purpose of this study was to compare the response decrement patterns 
between real words and pseudo-words rather than to characterise the habituation 
phenomenon in word-related AEPs, we did not use a dishabituation design to check 
whether the response suppression observed in this study reached the working criteria 
for habituation (e.g., Rankin et al., 2009). Nevertheless, using a habituation design that 
has been repeatedly used in many previous studies, we believe the response decrement 
in the AEPs can reflect the auditory habituation with repeated stimulation of tonal word 
forms.  
12 The aim of this study was to examine the habituation of the neural responses within 
the N1 time window, so we used N1 to refer to both ERP N1 component and ERF N1m 
component. So did we with the P2. 
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negative-going ERP component, peaking about 100 ms post stimulus 
onset. Therefore, the N1 is also called N100 or N100m. The auditory P2, 
also called P200, which closely succeeds the N1, is a positive deflection, 
peaking about 200 ms post onset. The auditory N1 and P2 have multiple 
neural sources including the primary auditory cortex and prefrontal cortex 
(Wood & Wolpaw, 1982; Näätänen & Picton, 1987; Blenner & Yingling, 
1994; Hyde, 1997; Crowley & Colrain, 2004). The auditory N1 has been 
correlated with both bottom-up sensory processing of the physical 
characteristics of stimuli (Keidel & Spreng, 1965; Jones, Longe, & Vaz 
Pato, 1998) and some top-down influences from cognitive functions 
(Curio, Neuloh, Numminen, Jousmäki, & Hari, 2000; Schafer & Marcus, 
1973). There are no clear sources of the auditory P2. However, recent 
studies have shown that the P2 is correlated with phonological processing 
(Shuai & Gong, 2014; Huang, Yang, Zhang, & Guo, 2014). 
Auditory habituation has consistently been reflected by the 
decrement in the AEP amplitudes to each repeated stimulus in a 
stimulation train as compared to the AEP amplitudes to the first 
presentation of the stimulus. The interval between each stimulus 
presentation (i.e., within-train interstimulus interval, ISI) is usually 
constant and shorter than 10 s (e.g., 1 s, 3 s, and 10 s used in Budd, Barry, 
Gordon, Rennie, & Michie, 1998; 0.6 s, 1.2 s, and 1.8 s in Rosburg et al., 
2010). Moreover, shorter ISIs within stimulation trains can elicit larger 
decrements in the auditory responses than longer ISIs (e.g., Hari, Kaila, 
Katila, Tuomisto, & Varpula, 1982; Woods & Elmasian, 1986; Rosburg 
et al., 2010). This kind of habituation is also called ‘short-term 
habituation13 because decreased N1 responses can recover after 4 to 10 
seconds of stimulation-free time (e.g., Rosburg, Haueisen, & Sauer, 2002; 
Rosburg et al., 2010; Wang & Knösche, 2013; Muenssinger et al., 2013). 
A typical decrement in short-term habituation is usually a negative 
                                                     
13 The other type of habituation is auditory long-term habituation, which has also been 
observed by comparing N1s and P2s between experimental blocks or with an ISI longer 
than 10 s. However, since there is still no clear correlation between any underlying 
sensory processing and long-term habituation (e.g., Öhman & Lader, 1977; Woods & 




exponential function of the number of stimulus presentations (Rankin et 
al., 2009). However, auditory habituation studies reported inconsistent 
patterns of response decrements even by using similar experimental 
designs. Some studies found classic, gradual decrease in the auditory 
responses with stimulus repetitions as concluded by the short-term 
habituation literature (e.g., Fruhstorfer et al., 1970; Woods & Elmasian, 
1986; Rosburg et al., 2002). Other studies identified an unchanged 
decrement in the second presentation through the other presentations of a 
stimulus right after the first presentation, addressed as a straightforward 
decrement (e.g., Budd et al., 1998; Rosburg et al., 2006, 2010). Although 
some researchers have argued that the latter pattern is associated with 
neural refractoriness14 rather than habituation (e.g., Ritter, Vaughan, & 
Costa, 1968; Budd et al., 1998; Rosburg et al., 2010), we still used the 
term ‘habituation’ to refer to the general response decrement because the 
differentiation between the two decreasing patterns in the auditory domain 
has not yet been established with reliable experimental methods.  
A growing number of studies have shown that the short-term 
habituation pattern of the N1 to repeatedly presented speech sounds differs 
from the N1 habituation pattern to non-speech sounds. For example, one 
early study discovered that when the stimulus onset asynchronies (SOA) 
was 1000 ms between two repeated stimuli, N1 amplitudes to recurrent 
speech sounds showed greater habituation than those to non-speech tones 
(Woods & Elmasian, 1986). Specifically, the N1 amplitudes to repeated 
speech stimuli were about 49% of the amplitudes to the stimuli at the 
initial position of a train, whereas those to repeated tones were 
approximately 79% of the N1 to the first position stimuli. Using MEG, 
Teismann et al. (2004) found that repeated speech sounds elicited smaller 
attenuation of the auditory N1 responses in the left-hemispheric recording 
sites than in homologues over the right hemisphere, whereas the 
acoustically matched tone stimuli triggered an equivalent decrement in 
                                                     
14 Neural refractoriness or refractory period refers to the brief period when a neuron is 
not able to respond to a successive stimulus immediately after the production of an 
action potential in response to the previous stimulus (Mildner, 2008). 
CHAPTER 5
Tone-word Recognition in Mandarin Chinese122 
 
 
exponential function of the number of stimulus presentations (Rankin et 
al., 2009). However, auditory habituation studies reported inconsistent 
patterns of response decrements even by using similar experimental 
designs. Some studies found classic, gradual decrease in the auditory 
responses with stimulus repetitions as concluded by the short-term 
habituation literature (e.g., Fruhstorfer et al., 1970; Woods & Elmasian, 
1986; Rosburg et al., 2002). Other studies identified an unchanged 
decrement in the second presentation through the other presentations of a 
stimulus right after the first presentation, addressed as a straightforward 
decrement (e.g., Budd et al., 1998; Rosburg et al., 2006, 2010). Although 
some researchers have argued that the latter pattern is associated with 
neural refractoriness14 rather than habituation (e.g., Ritter, Vaughan, & 
Costa, 1968; Budd et al., 1998; Rosburg et al., 2010), we still used the 
term ‘habituation’ to refer to the general response decrement because the 
differentiation between the two decreasing patterns in the auditory domain 
has not yet been established with reliable experimental methods.  
A growing number of studies have shown that the short-term 
habituation pattern of the N1 to repeatedly presented speech sounds differs 
from the N1 habituation pattern to non-speech sounds. For example, one 
early study discovered that when the stimulus onset asynchronies (SOA) 
was 1000 ms between two repeated stimuli, N1 amplitudes to recurrent 
speech sounds showed greater habituation than those to non-speech tones 
(Woods & Elmasian, 1986). Specifically, the N1 amplitudes to repeated 
speech stimuli were about 49% of the amplitudes to the stimuli at the 
initial position of a train, whereas those to repeated tones were 
approximately 79% of the N1 to the first position stimuli. Using MEG, 
Teismann et al. (2004) found that repeated speech sounds elicited smaller 
attenuation of the auditory N1 responses in the left-hemispheric recording 
sites than in homologues over the right hemisphere, whereas the 
acoustically matched tone stimuli triggered an equivalent decrement in 
                                                     
14 Neural refractoriness or refractory period refers to the brief period when a neuron is 
not able to respond to a successive stimulus immediately after the production of an 





both hemispheric regions. Traditionally, the left hemisphere has been 
considered to be specialised for language-related processing and the 
storage of phonological knowledge (e.g., Catani et al., 2005; Vigneau et 
al., 2006). In line with this traditional view, a robust literature has 
documented stronger neural responses to real words than pseudo-word 
forms in the left hemisphere (e.g., Shtyrov et al., 2008; Shtyrov et al., 2010; 
MacGregor et al., 2012; Yue et al., 2014). Since neural representations of 
speech knowledge has been regarded to be more abstract at a higher 
representational level than the representations of basic acoustic cues at a 
lower level, these studies suggested that the N1 habituation pattern can 
differ between acoustic stimuli encoded by different levels of neural 
representations. 
5.1.3. The present study 
Taking advantage of the sensitivity of AEP habituation to auditory 
processing in the early time windows, we used a habituation design to 
explore the time course of early access to lexical-level representations 
during tone-word recognition. To do this, we compared the habituation 
patterns of the auditory N1-P2 elicited by a real tone word (/ma1/) and a 
tonal pseudo-word form (*/na1/) with whole-head EEG recordings. If the 
short-term habituation of N1 can differentiate auditory stimuli represented 
by neural organisations at different levels (e.g., Woods & Elmasian, 1986; 
Teismann et al., 2004), we hypothesised that, due to the lack of neural 
representation of lexical-level phonology in the pseudo-word form, native 
Mandarin speakers would have a different N1 habituation pattern in the 
pseudo-word form than in the real word (Hypothesis 1), suggesting early 
access to the whole-word phonological representation (MacGregor et al., 
2012; Yue et al., 2014). Moreover, if the neural representation of lexical-
level phonology has a left-hemispheric dominance (e.g., Shtyrov et al., 
2010; MacGregor et al., 2012), we hypothesised that the differential N1 
habituation pattern between pseudo and real word forms is in left 
hemispheric recording sites (Hypothesis 2). To rule out the possibility that 
any observed effects were induced by the contrast between the onset 




identical onset contrast (i.e., /mi2/ vs. /ni2/) as control conditions. If the 
N1 short-term habituation pattern is modulated with lexical-level 
phonological representations, we hypothesised no difference between the 
N1 short-term habituation of the two control words (Hypothesis 3).  
Even though it is unclear whether the habituation of P2 also differs 
between speech sounds and tone sounds, we still included the analysis of 
the P2 because several studies revealed that the P2 component was related 
to some aspects of phonological processing, such as voice-onset time 
(VOT) discrimination and perception (Dorman, 1974; Tremblay et al., 
2001), identification of the existence of phonemic patterns (Liebenthal et 
al., 2010), phonological mismatch during spoken word recognition 
(Huang, et al., 2014), and the lexical priming effect of lexical tone 
recognition (Shuai & Gong, 2014). These findings, however, have only 
revealed the neural correlate between the P2 and the processing of 
sublexical features such as consonants, segment patterns and lexical tones. 
So far, there is no evidence that the P2 reflects any processing at the lexical 
level beyond phonological classification. Furthermore, there is also a lack 
of evidence that the short-term habituation of P2 is different between the 
responses to auditory stimuli having high and low levels of neural 
representations (i.e., speech vs. tones). Therefore, we tentatively 
hypothesised that the habituation patterns in the P2 window are not 
different between pseudo and real words (Hypothesis 4).  
5.2. Method 
5.2.1. Participants 
Twenty native speakers of Mandarin Chinese were tested in this 
experiment, reporting normal hearing, no history of neurological diseases 
and no abuse of alcohol or drugs in a pre-experiment questionnaire 
(female: 12; mean age = 24 years; SD = 4). All had acquired Mandarin 
Chinese from early childhood without exposure to other dialects in which 
the pseudo word form /na1/ is meaningful (as it is in Lanzhou and Xuzhou 
dialects). All participants were right-handed, as assessed by the Edinburgh 
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Handedness Inventory (Oldfield, 1971) with minor adaptations for 
Chinese culture (e.g., replacing ‘knife’ with ‘chopsticks’). Written 
informed consent was given by participants prior to the experiment, 
according to the Declaration of Helsinki under a procedure approved by 
the Ethical Committee of the Faculty of Arts, University of Groningen 
(The Netherlands). Participants were paid as compensation for their 
participation. 
5.2.2. Stimuli 
To observe the habituation of AEPs, we utilised a short-term habituation 
design in which a stimulus is repeatedly presented at a short constant ISI 
in a stimulation train (Teismann et al., 2004; Rosburg et al., 2010; Wang 
& Knösche, 2013). By repeating a stimulation train for a certain number 
of times, reliable AEPs to the stimuli presented at each position in a train 
can be obtained by averaging the recorded responses across all stimulation 
trains. Habituation can be quantified by comparing the averaged amplitude 
of responses to the initial stimuli and the subsequently presented 
stimulations at each position of a train. We constructed four stimuli for the 
two experimental conditions and two control conditions. In one 
experimental condition, the stimulus was a tonal pseudo-word form */na1/; 
the other experimental condition consisted of a real tone word /ma1/ 
(mother, 妈). These two word forms were acoustically similar, allowing 
us to compare the habituation patterns between the AEP responses to 
stimuli with different lexical statuses. Moreover, two real tone words, /ni2/ 
(mud, 泥) and /mi2/ (mystery, 迷), were used to control for the habituation 
effect induced by the onset contrast (/n/ vs. /m/). See Table 5.1 for the 
tonal word form stimuli. The three words are all highly frequently used in 
modern Mandarin Chinese according to the List of Frequently Used 
Characters in Modern Chinese (Language Affairs Revolution Council of 






4Table 5.1  Spoken tonal word forms used in the experimental and 
control conditions 
 Experimental conditions Control conditions 
Pinyin */na1/ /ma1/ /ni2/ /mi2/ 
Chinese character  妈 泥 迷 
Meaning  mother Mud mystery 
 
During stimulus presentation, we presented one type of stimuli in 
each experimental block (Rosburg et al., 2010). One block consisted of 60 
stimulation trains in each of which a stimulus was presented five times, 
namely S1, S2, S3, S4, and S5. The inter-train interval (ITI) was 5 s; the 
ISI was constantly 500 ms (see Figure 5.1). We delivered the four blocks 
in two orders: */na1/-/mi2/-/ma1/-/ni2/ and /mi2/-*/na1/-/ni2/-/ma1/. This 
arrangement was to avoid too many repetitions of the same lexical tone 
and rime vowel in two successive blocks. Additionally, in order to evade 
the potential rapid learning effect on the perception of a pseudo-word in a 
context where an acoustically similar real word was also presented 
(Shtyrov et al., 2010; Yue et al., 2014), the experimental block of */na1/ 
was always presented prior to the block of the real word /ma1/. 
Participants were randomly assigned to one presentation order. The two 
orders were counterbalanced between participants. There was a 1.5-
minute stimulus-free period between the first and the second blocks, and 
between the third and the fourth blocks. A 2-minute break was set between 
the second and third blocks. Control of stimulus delivery and trigger 
sending were implemented by E-prime (Version 2.0, Psychology Software 
Tools Inc., Pittsburgh, PA, USA). 
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13Figure 5.1 Illustration of a stimulation train of the habituation design. S1 
to S5 refer to the first to the fifth presentation of stimuli. 
 
To guarantee that the AEPs reflect natural-word-related responses, 
we used naturally articulated spoken word forms. A well-trained female 
native speaker of Mandarin Chinese produced 45 exemplars for each type 
of stimuli in a sound-proof recording studio with Adobe Audition (version 
3.0) through a Dateq (BCS25) audiomixer, an Adirol (UA 25) USB audio 
capture device, and a Shure (SM27) microphone, digitised at a 16 bit, 44.1 
kHz sampling rate. One of the exemplars for each condition was carefully 
selected according to the following criteria. First, the candidate word form 
should be neatly articulated with an approximate duration of 500 ms to 
improve the sound quality after normalisation. Second, preferred 
candidates with the same lexical tone (e.g., /ni2/ and /mi2/) should carry 
similar shapes of pitch contours.  
The four chosen candidates were normalised for the same duration 
(500 ms). After this procedure, we replaced the fundamental frequency of 
candidate /ma1/ with the one of candidate */na1/ (F0 onset: 246 Hz; offset: 
247 Hz; minimum: 237 Hz; maximum: 247 Hz); the F0 of candidate /mi2/ 
was overlaid by that of candidate /ni2/ (F0 onset: 197 Hz; offset: 280 Hz; 
minimum: 197 Hz; maximum: 280 Hz). Lastly, all four candidates were 
adjusted to the same average intensity (75 dB). To make sure that the 
control words served the experimental purpose well, we calculated the F2 
values of the onset consonants of the four types of stimuli. The F2 is 
considered to be a key acoustic measure for distinguishing between /m/ 
and /n/ in Chinese (Li, Zhang, & Huang, 2009). The F2 values for the /m/ 




the /n/ in */na1/ and /ni2/ were 2506 Hz and 2179 Hz, respectively. The 
data confirmed that the materials were qualified for revealing effects 
induced by the onset contrast. All these steps were performed with 
PRAAT (Boersma & Weenink, 2013). Figure 5.2 displays the 
oscillograms and spectrograms of the materials. 
 
14Figure 5.2  The oscillograms and spectrograms of the four word forms. 
Note the similarity between the envelopes of the two experimental stimuli 
(*/na1/, /ma1/) and those of the two control items (/ni2/, /mi2/), and the 
same pitch contours of the experimental items and the two control words. 
 
5.2.3. EEG data acquisition 
Participants were tested individually in a sound attenuated room with dim 
lighting, and seated comfortably in front of a video monitor at a distance 
of about 1.2 m. To control for the reported impact of selective attention of 
auditory stimuli on habituation (Öhman & Lader, 1972), participants were 
instructed to watch a silent cartoon movie and to try their best to remember 
the contents for a good performance in a post-experimental 
comprehension test. In the test, participants were asked to judge whether 
the 12 statements matched what they saw in the movie by choosing either 
‘Yes’, ‘No’, or ‘Cannot remember’. They were also asked to ignore any 
auditory interference (i.e., the stimuli) delivered binaurally via 
headphones at 55 dB SPL during the movie.  
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The EEG data were collected at a sampling rate of 500 Hz with the 
ANT acquisition system (Advanced Neuro Technology, ANT; Enschede, 
The Netherlands). 64-channel WaveGuard caps (the extended 
international 10-20 system) with shielded wires to decrease the influence 
of environmental electrical noise were used to record EEGs from the scalp, 
as well as from the two mastoids for offline data re-reference. To record 
artefacts caused by ocular movements and blinks, two electrodes were 
placed on the outer canthi of both eyes for horizontal movement detection, 
and another two electrodes were situated on the left infraorbital and 
supraorbital ridges to monitor vertical activities. The ground electrode was 
AFz. Average reference was used for the online EEG acquisition. The 
impedance of each electrode was kept below 5 kΩ. The EEG recording 
protocol took about 90 minutes to complete.   
5.2.4. EEG data processing and analysis 
In the offline data processing, the EEG recordings were first bandpass 
filtered at 1-30 Hz (24 dB/Oct). Then, epochs were segmented separately 
for the five presentations of each stimulus type for 600 ms, from -100 ms 
to 500 ms before and after the onset of stimulus. Trails contaminated with 
artefacts (> 100 μV voltage variation) were rejected. ERPs were obtained 
by grand averaging the remaining epochs (an average of 36 trials per 
presentation per condition) with the baseline corrected for the 100 ms pre-
stimulus period. 
The N1 and P2 peaks were detected at each electrode per participant. 
The N1 peak detection was confined to a time window between 80 and 
170 ms, defined a priori to cover all latency ranges for the N1 components 
(Pang & Taylor, 2000; Mulert et al., 2005; Bell, Dentale, Buchner, & Mayr, 
2010). The P2 peak was detected in a 90-ms time window between 170-
260 ms (Hamm et al., 2012). The decrement in the N1 and P2 peak 
voltages induced by the habituation was indexed by the habituation 
coefficient R, calculated as R = AEPn / AEP1 (n = 1, 2, 3, 4, 5), in which 
AEPn refers to the brain potential response to the nth presentation in a 




larger the AEP response is habituated. This normalisation procedure was 
performed with the data collected at three electrodes, C3, Cz, and C4 in 
the vertex scalp region for each participant, to represent auditory 
processing in the left, midline and right hemispheric regions. The reason 
we analysed these three electrodes was that AEP habituation in the vertex 
region has been shown to be the most prominent (Fruhstorfer, 1970, 1971) 
and the electrical potential changes collected at these positions have been 
used to indicate typical neural activities for auditory function, especially 
when the lateralisation of auditory function is concerned (e.g., Prescott, 
Connolly, & Gruzelier, 1984; Shtyrov et al., 2010).   
Three statistical analyses were performed to examine the AEP 
habituation effects. First, to confirm that our paradigm successfully 
elicited decreased auditory responses, we performed three-way repeated 
measures ANOVAs separately for the N1 and P2 amplitude data collected 
at the vertex electrode, Cz, where the auditory habituation in humans has 
been most intensively studied (e.g., Fruhstorfer, 1970, 1971; Rosburg et 
al., 2010). The three factors were Presentation (S1, S2, S3, S4, and S5), 
Condition (experiment vs. control), and Onset (/m/ vs. /n/). We expected 
a main effect of Presentation, which would suggest an overall difference 
between the AEPs (i.e., N1-P2) elicited by S1 and the other four 
repetitions in a stimulation train.  
The second analysis tested whether and how the within-train short-
term habituation effects were modulated by the lexical status of the stimuli. 
The analyses were carried out with the N1 and P2 habituation coefficient 
Rs separately. We first ran 2×2×3 repeated measures ANOVAs with three 
fixed-effect factors: Condition (experiment vs. control), Onset (/m/ vs. /n/), 
and Laterality (left, midline, and right hemispheric regions), by using the 
habituation coefficient R data through the 2nd, 3rd, 4th, and 5th 
presentations separately. If an interaction between the three factors can be 
identified, further ANOVAs are performed at the three electrodes 
separately to investigate which scalp region housed the different 
habituation effect between the real word and pseudo-word forms. If the 
time of Presentation shows an interaction between Condition and Onset, 
we investigate whether the pseudo-word forms and the real words elicited 
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different hemispheric habituation patterns. This question was inspired by 
the finding that the brain’s responses to speech sounds are less habituated 
in the left hemisphere than in the right hemisphere (Teismann et al., 2004). 
For this purpose, we performed four post hoc paired t-tests between the R 
data gleaned at C3 and C4 for the pseudo-word form, real word, and two 
control real word conditions separately.  
If an interaction between Condition, Onset, and Laterality can be 
identified at one position of the four repetitions (i.e., S2, S3, S4, and S5), 
the last post hoc analysis is performed to investigate whether the paradigm 
used in this study triggers response decrease throughout a stimulation 
block due to fatigue (Muenssinger et al., 2013), and whether this kind of 
between-train effect interacts with the short-term habituation effect. To do 
this, we will first extract the averaged AEP amplitudes of the succeeding 
trials after artefact rejection in the first 30 trials and the last 30 trials in 
each type of stimuli. The responses to the first and last 30 trials represent 
the AEPs in the early and late experimental phases. A four-way repeated 
measures ANOVA is performed for a certain position in a train with four 
factors: Phase (early vs. late experimental phases), Condition, Onset, and 
Laterality. If there is a within-block decrement during the experiment, we 
would expect a main effect of Phase. However, studies using the current 
paradigm have not reported impacts from the between-train adaptation, so 
we did not expect an interaction between Phase and the other three factors. 
In all the ANOVAs, Greenhouse-Geisser correction was performed to 
control for sphericity violations. The significance level was set at p < 0.05. 
5.3. Results  
In the cartoon comprehension test, only an answer of ‘Yes’ was counted 
as correct. The average percentage of correct answers was 90% (SD = 
10%). The high rate of correctness indicates that participants’ attention 
was well distracted by the movie. 
Figure 5.3 displays an overview of the epoched ERPs obtained at the 
vertex (Cz). Visual inspection shows decreased N1 and P2 responses 




conditions, indicating that the current auditory habitation paradigm 
fulfilled the purpose of eliciting short-term habituation in the auditory 
evoked potentials. This observation is coherent with the results of peak 
detection for the local maximum. The N1 and P2 peak latencies at the three 
representative electrode sites for the five presentations are shown in 
Tables 5.2 and 5.3 separately.  
Descriptive statistics of the habituation coefficient R at the recording 
sites situated on the central scalp region showed that the N1 and P2 
responses to repeated word forms were prone to decrements with stimulus 
repetition (see Tables 5.4 and 5.5). There seemed to be no evident 
differences between the habituated responses to various types of repeated 
stimuli, except the greater habituation of the N1 responses to S4 in the 
pseudo-word condition than in the other three real-word conditions (see 
the bold column in Table 5.4).   
5.3.1. Habituation of the N1 
Decrement in the N1 with repeated stimulation  
As predicted, repeated measures ANOVAs with N1 peak amplitudes at Cz 
revealed a main effect of Presentation (F (4, 76) = 44.11, p < .001), which 
supports the amplitude difference between the AEPs to S1 and the 
subsequent four repetitions as shown in visual inspection. There was also 
an interaction of Condition × Onset (F (1, 19) = 6.56, p = .016), implying 
that the factors in the experimental design contribute to the modulation of 
the habituation pattern in spoken word forms.  
Short-term habituation of the N1 
An interaction between Condition × Onset × Laterality (F (2, 38) = 
6.89, p = .003) was only found in the repeated measures ANOVA with the 
coefficient R data of the N1 peak amplitudes to S4, whereas interactions 
were not significant in the other presentation positions of the stimulus train 
(S2: F(2, 38) = 0.26, p = .64; S3: F(2, 38) = 0.47, p = .58; S5: F(2, 38) = 
1.46, p = .25). Motivated by the three-way interaction, three ANOVAs 
were further conducted at the C3, Cz, and C4 electrode sites, revealing a 
significant two-way interaction between Condition and Onset only at C4 
(F(1, 19) = 6.46, p = .02).  
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5Table 5.2 The peak latencies of N1 (ms) of the five presentations at 
C3, Cz, and C4 for the four types of stimuli 
 N1-S1  N1-S2  N1-S3  N1-S4  N1-S5 
 M SD  M SD  M SD  M SD  M SD 
C3               
*/na1/ 108 16  103 16  105 17  106 16  105 14 
/ma1/ 122 17  114 20  121 17  122 15  124 19 
/ni2/ 113 10  101 15  112 16  107 13  108 12 
/mi2/ 114 14  118 23  121 16  121 15  121 15 
Cz               
*/na1/ 108 18  102 16  103 14  103 16  102 13 
/ma1/ 121 19  114 20  119 18  118 16  121 20 
/ni2/ 112 9  103 13  111 17  104 15  106 11 
/mi2/ 114 14  120 22  115 17  123 17  120 18 
C4               
*/na1/ 107 16  108 16  107 13  108 17  106 18 
/ma1/ 122 19  113 19  120 19  113 17  121 20 
/ni2/ 112 9  107 14  107 15  103 16  107 12 






6Table 5.3 The peak latencies of P2 (ms) of the five presentations at 
C3, Cz, and C4 for the four types of stimuli 
 P2-S1  P2-S2  P2-S3  P2-S4  P2-S5 
 M SD  M SD  M SD  M SD  M SD 
C3               
*/na1/ 198 14  198 17  198 17  192 17  198 20 
/ma1/ 207 15  210 22  206 18  209 25  205 15 
/ni2/ 195 19  194 18  197 21  193 15  191 15 
/mi2/ 208 19  209 21  207 20  212 25  207 17 
Cz               
*/na1/ 198 12  196 17  199 20  195 16  196 20 
/ma1/ 207 11  203 19  208 15  207 23  205 13 
/ni2/ 192 16  191 16  192 18  189 13  190 16 
/mi2/ 209 20  206 19  207 18  208 21  207 14 
C4               
*/na1/ 199 12  199 19  197 18  194 16  197 20 
/ma1/ 206 12  204 18  208 17  210 20  206 15 
/ni2/ 191 14  190 16  190 15  191 19  188 15 
/mi2/ 210 16  212 17  211 20  207 19  208 16 
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7Table 5.4  The N1 habituation coefficient Rs of the four repetitions 
at C3, Cz, and C4 for the four types of stimuli 
 N1-S2  N1-S3  N1-S4  N1-S5 
 M SD  M SD  M SD  M SD 
C3            
*/na1/ 0.52 0.28  0.56 0.26  0.46 0.39  0.60 0.33 
/ma1/ 0.62 0.36  0.68 0.30  0.72 0.38  0.64 0.43 
/ni2/ 0.63 0.43  0.75 0.54  0.58 0.31  0.59 0.59 
/mi2/ 0.48 0.23  0.60 0.30  0.65 0.24  0.50 0.29 
Cz            
*/na1/ 0.47 0.30  0.52 0.31  0.36 0.38  0.56 0.30 
/ma1/ 0.60 0.32  0.66 0.32  0.65 0.35  0.57 0.41 
/ni2/ 0.51 0.34  0.78 1.00  0.54 0.28  0.63 0.64 
/mi2/ 0.47 0.23  0.55 0.36  0.55 0.26  0.49 0.32 
C4            
*/na1/ 0.48 0.30  0.49 0.26  0.32 0.24  0.52 0.28 
/ma1/ 0.69 0.28  0.67 0.30  0.69 0.30  0.59 0.42 
/ni2/ 0.47 0.62  0.73 0.68  0.67 0.56  0.81 1.04 






8Table 5.5 The P2 habituation coefficient Rs of the four repetitions at 
C3, Cz, and C4  for the four types of stimuli 
 P2-S2  P2-S3  P2-S4  P2-S5 
 M SD  M SD  M SD  M SD 
C3            
*/na1/ 0.54 0.18  0.56 0.27  0.57 0.22  0.52 0.26 
/ma1/ 0.61 0.20  0.59 0.35  0.66 0.30  0.65 0.37 
/ni2/ 0.63 0.31  0.50 0.22  0.47 0.20  0.52 0.32 
/mi2/ 0.66 0.78  0.61 0.46  0.49 0.26  0.70 0.41 
Cz            
*/na1/ 0.52 0.20  0.50 0.21  0.50 0.20  0.46 0.22 
/ma1/ 0.53 0.17  0.53 0.31  0.57 0.24  0.58 0.27 
/ni2/ 0.58 0.30  0.41 0.27  0.46 0.21  0.48 0.26 
/mi2/ 0.49 0.39  0.53 0.33  0.46 0.24  0.58 0.35 
C4            
*/na1/ 0.59 0.21  0.60 0.26  0.58 0.24  0.50 0.23 
/ma1/ 0.53 0.17  0.58 0.26  0.57 0.21  0.63 0.25 
/ni2/ 0.65 0.38  0.47 0.26  0.55 0.30  0.49 0.31 
/mi2/ 0.51 0.38  0.66 0.45  0.61 0.38  0.67 0.49 
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8Table 5.5 The P2 habituation coefficient Rs of the four repetitions at 
C3, Cz, and C4  for the four types of stimuli 
 P2-S2  P2-S3  P2-S4  P2-S5 
 M SD  M SD  M SD  M SD 
C3            
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/ma1/ 0.61 0.20  0.59 0.35  0.66 0.30  0.65 0.37 
/ni2/ 0.63 0.31  0.50 0.22  0.47 0.20  0.52 0.32 
/mi2/ 0.66 0.78  0.61 0.46  0.49 0.26  0.70 0.41 
Cz            
*/na1/ 0.52 0.20  0.50 0.21  0.50 0.20  0.46 0.22 
/ma1/ 0.53 0.17  0.53 0.31  0.57 0.24  0.58 0.27 
/ni2/ 0.58 0.30  0.41 0.27  0.46 0.21  0.48 0.26 
/mi2/ 0.49 0.39  0.53 0.33  0.46 0.24  0.58 0.35 
C4            
*/na1/ 0.59 0.21  0.60 0.26  0.58 0.24  0.50 0.23 
/ma1/ 0.53 0.17  0.58 0.26  0.57 0.21  0.63 0.25 
/ni2/ 0.65 0.38  0.47 0.26  0.55 0.30  0.49 0.31 






15Figure 5.3  Grand averaged ERPs elicited by the four types of stimuli 
(*/na1/, /ma1/, /ni2/, /mi2/) with the five presentations collected at the 
vertex recording site (Cz). To illustrate the habituation effect, the ERP 
epochs to the five stimulations have been overlaid. Note the decreased N1 
response (marked with a solid arrow) and P2 response (marked with a 





Two planned comparisons were conducted, showing that Onset was 
a main effect in the experimental conditions (i.e., */na1/ vs. /ma1/, F(1, 
19) = 15.20, p < .001), but not in the control conditions (i.e., /ni2/ vs. /mi2/, 
F(1, 19) = 0.34, p = .57), as shown in Figures 5.4, 5.5, and 5.6. These 
results were consistent with the pattern identified by the descriptive 
statistics of the N1 habituation coefficient R. The averaged coefficient R 
at C4 for S4 of the pseudo-word was about 0.30 smaller than those of the 
experimental real word and the two control words (*/na1/: M = 0.32; /ma1/: 
M = 0.69; /ni2/: M = 0.67; /mi2/: M = 0.61). In addition, the latencies of 
N1 responses in S4 at C4 were around 110 ms post stimulus onset for the 
four types of stimuli, ranging from 103 to 122 ms post stimulus onset 
(*/na1/: M = 107; /ma1/: M = 117; /ni2/: M = 103; /mi2/: M = 122). These 
results are in favour of our Hypotheses 1 and 3 that the short-term 
habituation pattern can be used to distinguish between ultra-early lexical 
access in tonal real and pseudo-word forms. However, the greater N1 
decrement at the right-hemispheric electrode is not supportive of our 
Hypothesis 2 which proposed lexical effect to be over the left-hemispheric 
region.  
Given the difference in the N1 habituation patterns between the 
existent and non-existent tonal word patterns in S4, post hoc comparisons 
(paired sample t-tests) were performed between the coefficient R of the 
N1 in the 4th presentation gleaned at C3 and C4. As Figure 5.5 shows, the 
analyses revealed consistently weaker responsiveness to S4 of the pseudo-
word form at the right electrode C4 than at the left C3 (t (19) = 2.97, p 
= .008). However, there was no difference between any C3-C4 pairs of the 
real tonal words (C3-C4 paired difference for */na1/: M = 0.14, SD = 0.22; 
/ma1/: M = 0.03, SD = 0.30; /ni2/: M = -0.09, SD = 0.61; /mi2/: M = 0.04, 
SD = 0.30). These results indicate that the short-term habituation of the 
N1 is modulated by the lexical status of a word form stimulus. They also 
suggest that the N1 decrement in the pseudo-word condition over the right 
hemispheric region is larger than in the left hemispheric scalp. 
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19) = 15.20, p < .001), but not in the control conditions (i.e., /ni2/ vs. /mi2/, 
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/ma1/: M = 0.03, SD = 0.30; /ni2/: M = -0.09, SD = 0.61; /mi2/: M = 0.04, 
SD = 0.30). These results indicate that the short-term habituation of the 
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16Figure 5.4  Average habituation coefficient R data at C3, Cz, and C4 in 
the four stimulus repetitions. The error bars are standard error means. Note 




17Figure 5.5  The statistical analyses on the N1 habituation coefficient R at 
the C4 electrode to the four types of stimuli with the 4th repetition of 
stimuli. The error bars are standard error means. *p < .05, ***p < .001, 







18Figure 5.6  Grand averaged ERPs elicited by S1 and S4 of the four types 
of stimuli (i.e., */na1/, /ma1/, /ni2/, /mi2/) at the left (C3) and right (C4) 
central scalp regions. The AEP responses to S1 are shown with black lines, 
and those to S4 with green lines. The grey bars denote the difference 
between the N1 peak amplitudes with regard to the two times of 
stimulation. The upper bar shows the N1 peaks to the S1; the middle bar 
to S4; the lower bars are at baseline. 
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Between-train habituation of the N1  
The last post hoc ANOVAs for the N1 were conducted to examine whether 
the short-term habituation effect at C4 was influenced by the potential 
decrease of the N1 occurring through the delivery of stimulation trains. 
The first four-way ANOVA revealed main effects of Phase (F (1, 19) = 
32.84, p < .001) and Presentation (F (4, 76) = 35.12, p < .001) and a two-
way interaction of Condition × Onset (F (1, 19) = 9.00, p = .007). These 
results suggest that the N1 peak amplitude becomes more attenuated in the 
late phase than in the early phase of one experimental block. However, the 
absence of an interaction of Phase × Condition × Onset implies that such 
amplitude attenuation through a stimulation block does not mediate the 
brain responses related to the factors of the experimental design.  
5.3.2. Habituation of the P2 
Similar to the results in the N1, the three-way ANOVA with P2 peak 
amplitudes at Cz identified a main effect of Presentation (F (4, 76) = 44.11, 
p < .001). Apart from this effect, the analysis revealed two more main 
effects of Condition (F (1, 19) = 25.99, p < .001) and Onset (F (1, 19) = 
47.71, p < .001) and a two-way interaction of Condition × Onset (F(1, 19) 
= 5.61, p = .029). However, there was no significant interaction of 
Presentation × Condition × Onset (F(4, 76) = 0.28, p = .83). These effects 
confirm the visualised decrement in the P2 amplitudes with stimulus 
repetition, and also imply that the P2 component itself is sensitive to the 
phonological features of linguistic stimulation.  
The four separate three-way ANOVAs with the P2 habituation 
coefficient R data through the 2nd and 5th presentations of repeated 
stimuli, however, did not reveal any interactions between the three factors 
(Condition × Onset × Laterality, S2: F(2, 36) = 0.28, p = .83; S3: F(2, 36) 
= 1.19, p = .31; S4: F(2, 36) = 3.07, p = .09; S5: F(2, 36) = 0.27, p = .68) 
15. This is consistent with our Hypothesis 3 that P2 habituation cannot 
                                                     
15 One participant was excluded due to an extremely large difference between the P2 




distinguish between the neural responses to pseudo and real tonal words. 
Furthermore, Laterality was identified as a main effect in S3 (F(2, 36) = 
4.02, p = .044), S4 (F(2, 36) = 5.13, p = .022) and S5 (F(2, 36) = 3.85, p 
= .031). Onset reached significance as a main effect in S5 (F(1, 18) = 4.59, 
p = .046). These results show that the decrement of P2 amplitudes exhibits 
a uniform scalp distribution to repeated spoken word forms. However, the 
P2 habituation cannot mark the neural differences between the responses 
to real and pseudo-word forms.  
5.4. Discussion 
A growing number of studies have presented neurophysiological evidence 
that the human brain is able to access phonological knowledge at a lexical 
level very rapidly (Pulvermüller et al., 2001; MacGregor et al., 2012). By 
recording the whole-head EEG of native Mandarin Chinese speakers, the 
current study investigated whether word forms carrying lexical tones can 
rapidly access the lexical-level representation of phonology in the pre-
attentive time window. Using an auditory habituation design, we observed 
the decrement of auditory AEP amplitudes in repeatedly presented spoken 
tonal word forms. We found that the short-term habituation of the auditory 
N1 elicited by the tonal pseudo-word forms was different from the 
habituation of the N1 responses to real words. To our knowledge, this 
study is the first reporting evidence that the lexical status of a tonal word 
form modulates the habituation of AEP component N1 between 103 and 
122 ms post stimulus onset.  
5.4.1. The habituation of N1 and P2 
Using the current habituation design, we successfully observed the short-
term habituation of spoken-word-related N1 and P2 components with 
repeatedly presented stimulation trains, each of which contained five 
identical auditory stimuli separated by a constant ISI of 500 ms. The size 
of the N1 habituation in our study is comparable with the results of one 
study of auditory habituation in speech sounds (Woods & Elmasian, 1986). 
In Woods and Elmasian’s (1986) study, the N1 amplitudes to speech 
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Using the current habituation design, we successfully observed the short-
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stimuli at vertex for the fourth presentation position (i.e., S4) were 
approximately 52% of the N1 responses to the initial stimulation (i.e., S1). 
Similarly, in this study, the N1 peak amplitudes of the three real-word 
stimuli /ma1/, /ni2/, and /mi2/ at Cz in S4 are approximately 65%, 54%, 
and 55% of the N1 peaks in S1. 
Unlike the decreasing pattern described in classic habituation 
(Thompson & Spencer, 1966; Rankin et al., 2009), our results do not show 
a gradual decrement in either the N1 or P2 responses. That is, the N1 and 
P2 responses in this study have already reached an asymptotic level with 
the first repetition (i.e., S2), whereas the habituation of AEPs (or AEFs) 
in many studies has been found to complete by the 3rd presentation (e.g., 
Woods & Elmasian, 1986; Rosburg et al., 2002). This result seems to show 
that the auditory N1-P2 decrement is induced by neural refractoriness 
rather than habituation. However, we do not think that distinguishing 
between refractoriness and the classic habituation model is helpful in 
explaining our results. First, using similar experimental designs as the 
current study, previous studies have reported either gradual or 
straightforward declines in auditory evoked responses (e.g., gradual 
decrease in Woods & Elmasian, 1986; straightforward decrease in Budd 
et al., 1998). Therefore, the distinction between neural refractoriness and 
habituation in auditory responses is still far from being clear, when 
auditory responses are measured by far field potentials or the magnetic 
field from the scalp. Second, from the viewpoint of neurobiology, short-
term habituation has been attributed to a decrease of releasable vesicles 
containing neurotransmitters during successive stimulation (Castellucci et 
al., 1970; Castellucci & Kandel, 1974; Sara, Mozhayeva, Liu, & Kavalali, 
2002). Such a mechanism is very likely to be the physiological foundation 
shared by refractoriness and habituation. All in all, the results suggest that 
our habituation design allows us to capture the brain’s electrical 
responsiveness to repeated word forms, reflecting how the human cortex 





5.4.2. Lexicality modulation of the spoken-word-related N1 
habituation 
We found that the N1 short-term habituation patterns differed between 
word form stimuli with and without lexical-level phonological 
representations. By using stimulation trains hosting five repeated stimuli, 
we discovered a reliably greater decrement of the N1 amplitudes to the 
tonal pseudo-word at the 4th stimulation position (i.e., S4) as reflected by 
a smaller habituation coefficient R, compared to the N1 responses to the 
acoustically similar real tone word at the C4 electrode. This result is in 
line with our Hypothesis 1 which predicted differences between the N1 
short-term habituation of real and pseudo tonal word forms. The post hoc 
comparisons further revealed more persistent responsiveness in the left 
hemispheric electrode than the right side only in the pseudo-word 
condition. The pseudo-word in the current study does not involve any 
illegal segmental and suprasegmental cues, but still has no lexical-level 
representations. However, the input of tonal pseudo-words can still access 
neural representations of sublexical phonological elements such as 
consonants (i.e., onsets), vowels (i.e., rimes) and lexical tones. In contrast, 
the perception of real tone words activates high-order, lexicalised neural 
representations of whole-word phonology apart from those low-level 
phonological units (e.g., Zhao et al., 2011; Malins & Joanisse, 2012; Yue 
et al., 2014). These results suggest that the physiological disparity in the 
organisation of neural representations induces differential N1 habituation 
patterns between the real and pseudo tonal words. This finding is in line 
with previous studies reporting that the N1 habituation to speech sounds 
was different from the one to pure tones (Woods & Elmasian, 1986; 
Teismann et al., 2004).  
Moreover, the lexical habituation effect in the N1 cannot be attributed 
to the onset difference between /n/ and /m/, because habituation in the 
control words /ni2/ and /mi2/ did not differ from each other. This result is 
consistent with our Hypothesis 2 which proposed no difference between 
the N1 habituation in the two control words (i.e., /ni2/ and /mi2/). This 
finding further confirms that the difference between the N1 habituation of 
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the repeated pseudo and real tonal word forms in the experimental 
condition is induced by the existence of the lexical-level representation 
rather than by processing contrastive onsets at a low, phonemic level.  
5.4.3. The temporal features of lexical access reflected by N1 
habituation 
The current study reveals temporal and spatial information of the neural 
signature related to access to the lexical-level representations of tone 
words. In terms of the temporal aspect, the lexical N1 habituation effect 
indicates that lexical access to whole-word phonological representations 
can occur in a very early time window which is about 110 ms after the 
onset of a spoken tonal word form. To be specific, the N1 peaking 
latencies reveal that the N1 habituation can reflect the lexical status of  the 
word form input within a time range of 103 – 122 ms. This finding is 
consistent with the result of our recent ERP study reporting lexical 
mismatch responses in the 60 – 110 ms time window by using 
monosyllabic tonal word forms (Yue et al., 2014). Although the N1 time 
window has traditionally been shown to reflect sensory (i.e., bottom-up) 
processes of stimuli, our data together with a few other studies provide 
clear evidence of top-down processing observed in this very early time 
window especially in response to existent and non-existent lexical patterns. 
Our finding suggests that limited acoustic input of the initial portion of a 
tonal word form can directly access the respective whole-word 
phonological representation at the lexical representational level. However, 
with such a small amount of input, the lexical tones and rimes should be 
far from being recognisable (Shuai & Gong, 2014). For example, Wu and 
Shu (2003) reported that lexical tones could be successfully isolated 
approximately 160 – 200 ms after the word onset. Therefore, our results 
strongly suggest that lexical-level representations of phonology can be 
accessed before all sublexical features are recognised, at least in a highly 
repeated context. 
Our finding is a complement to studies of rapid lexical access because 




processing from the onset of the last phoneme (e.g., Pulvermüller et al., 
2001; Shtyrov et al., 2010; MacGregor et al., 2012). In such contexts, the 
brain has already received a large portion of the acoustic features of a word 
form stimulus before integrating the last phoneme. In contrast, we 
calculated electrical responses to word form stimuli from the onset point 
and still found lexicality modulated brain responses.  
5.4.4 The spatial feature of lexical access reflected by N1 habituation 
With respect to the spatial feature of lexical access, our data show a larger 
N1 decrement with the repetition of the tonal pseudo-word form at the 
right hemispheric electrode C4 relative to the N1 decrement at the 
contralateral C3 and to the reduction at C4 of real words. Since the only 
representational difference between the real and pseudo-words in our 
experiment is the existence of lexical-level representations, we attribute 
the lower responsiveness at C4 in the pseudo-word repetition to the lack 
of lexical-level phonological representations supported by a neural 
network lateralised to the right hemisphere.  
However, this account opposes our Hypothesis 2, arguing that if the 
whole-word phonology is represented by a neural network lateralised to 
the left hemisphere, the lexicality modulation of the N1 decrement should 
be observed over the left hemispheric scalp region. Since the left-
hemispheric dominance in response to lexical phonology has been well 
documented (e.g., Shtyrov et al., 2008; Shtyrov et al., 2010; MacGregor 
et al., 2012), including one study that reported lexical modulation of ERPs 
in the N1 time window (Yue et al., 2014), it was surprising for us to 
identify differential responses between the pseudo-word form and the real 
tonal words in the right-hemispheric recording site.  
One plausible explanation is that the rapid activation of lexical-level 
phonology in the current study is based on the holistic word-form 
representation localised in the right hemisphere (see Vigneau et al., 2011 
for a review). Some early neurophysiological studies have found that 
when spoken words are presented in a noisy context, the right hemisphere 
shows enhanced MMN responses relative to the left hemisphere in the pre-
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attentive period (Shtyrov et al., 1998; Shtyrov, Kujala, Ilmoniemi, & 
Näätänen, 1999). In line with these studies showing a role of the right 
hemisphere in speech perception, a few neurolinguistic studies have found 
that participants with left-hemispheric brain damage had relatively better 
preserved auditory word comprehension and formulaic language 
production, but failed to perform tasks requiring sub-lexical knowledge 
such as rhyme judgment (e.g., Sidtis, Volpe, Wilson, Rayport, & 
Gazzaniga, 1981; Gazzaniga, 2000; Sidtis, 2006). Based on these findings, 
it has been concluded that the right hemisphere hosts a limited lexicon 
consisting of holistic whole-word phonology, whereas the left hemisphere 
has fine-grained phonological representations (Vigneau et al., 2011).   
Therefore, we consider our data as a reflection of lower 
responsiveness in the right hemisphere with the repetition of the pseudo-
word due to the absence of any holistic word-phonological representation. 
That is, the N1 responses over the right hemisphere can be more active 
with real word repetition by virtue of the existence of holistic whole-word 
representations, which do not exist for pseudo-words. Furthermore, our 
data revealed that the N1 habituation in repeated pseudo-words was 
stronger at the left-hemispheric electrode relative to the right-hemispheric 
homologue, but not different from the habituation in real words.  These 
results imply that in a short-term habituation design, sublexical neural 
representations hosted by the left hemisphere can be accessed similarly 
between real words and pseudo-words.  
5.4.5. Position-related lexical effects on N1 habituation  
The last issue that needs to be clarified in the N1 time window is that we 
found differential short-term habituation in the 4th presentation (i.e., S4) 
of the real and pseudo tonal word forms, but not in any other of the three 
repetitions (i.e., the 2nd, 3rd, and 5th presentations). This result is in line 
with two previous studies that reported divergent habituation patterns 
between pure tone and speech stimuli at the 4th position of a stimulation 
train (Woods & Elmasian, 1986; Teismann et al., 2004). However, we 




our study. One of the previous studies used stimulation trains with only 
four positions (Teismann et al., 2004), and in the other study, 50% of 
stimulation trains carried a deviant stimulus in the 5th position (Woods & 
Elmasian, 1986).  
Why did we not find the lexical effect in presentation positions other 
than S4? One possible reason may be that the N1 decrement through S2 
to S5 is subject to some serial position effects in a stimulation train. First, 
one study showed that the dipole position of the N1m to repeated tones in 
the mediolateral cortex became stable after the 3rd presentation, even if 
the amplitudes of the N1m did not differ between the presentations 
(Rosburg, Haueisen, & Kreitschmann-Andermahr, 2004). This finding 
implied that, using a repetition design, brain activation after the 3rd 
presentation of a stimulus (e.g., the 4th and 5th) is different from the first 
three presentations. Second, some behavioural studies have shown that 
items presented in the first and the last positions of a sequence were more 
likely to be remembered than those in the middle (e.g., Mondor & Morin, 
2004; Jutras, 2006). Therefore, it is possible that in the current study, a 
stimulus in the final position of a sequence (i.e., the 5th presentation) 
triggers extra cognitive processing other than just habituating access to the 
lexical-level representation. As a result, the 4th presentation becomes the 
most revealing position reflecting the N1 habituation modulated by the 
lexical status of a stimulus.  
5.4.6. P2 habituation 
Although the auditory P2 has often been studied together with the N1 as 
part of an N1-P2 Complex (see Tremblay et al., 2001), habituation of the 
P2 did not show the same differential patterns between responses to real 
and pseudo tonal words. This result is in line with our Prediction 4, which 
proposed no differences between the P2 decrement patterns between real 
words and pseudo tonal word forms. This result attests that the short-term 
habituation of P2 does not differentiate between auditory stimuli 
represented at different levels (e.g., pure tone versus speech sounds).  
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our study. One of the previous studies used stimulation trains with only 
four positions (Teismann et al., 2004), and in the other study, 50% of 
stimulation trains carried a deviant stimulus in the 5th position (Woods & 
Elmasian, 1986).  
Why did we not find the lexical effect in presentation positions other 
than S4? One possible reason may be that the N1 decrement through S2 
to S5 is subject to some serial position effects in a stimulation train. First, 
one study showed that the dipole position of the N1m to repeated tones in 
the mediolateral cortex became stable after the 3rd presentation, even if 
the amplitudes of the N1m did not differ between the presentations 
(Rosburg, Haueisen, & Kreitschmann-Andermahr, 2004). This finding 
implied that, using a repetition design, brain activation after the 3rd 
presentation of a stimulus (e.g., the 4th and 5th) is different from the first 
three presentations. Second, some behavioural studies have shown that 
items presented in the first and the last positions of a sequence were more 
likely to be remembered than those in the middle (e.g., Mondor & Morin, 
2004; Jutras, 2006). Therefore, it is possible that in the current study, a 
stimulus in the final position of a sequence (i.e., the 5th presentation) 
triggers extra cognitive processing other than just habituating access to the 
lexical-level representation. As a result, the 4th presentation becomes the 
most revealing position reflecting the N1 habituation modulated by the 
lexical status of a stimulus.  
5.4.6. P2 habituation 
Although the auditory P2 has often been studied together with the N1 as 
part of an N1-P2 Complex (see Tremblay et al., 2001), habituation of the 
P2 did not show the same differential patterns between responses to real 
and pseudo tonal words. This result is in line with our Prediction 4, which 
proposed no differences between the P2 decrement patterns between real 
words and pseudo tonal word forms. This result attests that the short-term 
habituation of P2 does not differentiate between auditory stimuli 





However, our data implies that the amplitude of P2 itself is sensitive 
to the phonological features of different onset consonants and rime vowels, 
and the short-term habituation of P2 in the 5th stimulation position can be 
modulated by the onset consonants. These results indicate that the P2 is a 
neural signature of phonemic classification via the representations at the 
sublexical level (e.g., Tremblay et al., 2001; Huang et al., 2014; Shuai & 
Gong, 2014).  
5.4.7. Potential applications  
There are various potential applications of the current experimental design 
for different experimental purposes. First, our findings may lead to the 
development of a novel neurophysiological method to test access to 
lexical-level representations of word knowledge. To date, the MMN has 
been used as a reliable indicator of the cortical representation of spoken 
word knowledge (Shtyrov & Pulvermüller, 2007; Pulvermüller & Shtyrov, 
2006). However, considering the different time windows between the 
MMN and the N1 habituation effect and the contrastive scalp distributions 
of the two ERP effects (left-hemispheric MMN and right-hemispheric N1 
habituation), the two measurements may reflect distinctive lexical access 
mechanisms. To be specific, the MMN may index access into word-level 
phonology which can be further divided into phonemic units. In contrast, 
the auditory habituation design may be especially useful to examine the 
holistic whole-word phonological representation in the right hemisphere 
which has been shown to play a critical role for language comprehension 
and production in patients with language impairment due to left-
hemispheric damage (Vigneau et al., 2011).  
Second, our experiment may lead to new investigations on auditory 
word perception in children experiencing developmental language 
disorders such as specific language impairment (SLI) and dyslexia, studies 
which could further delineate the neuropsychological impairments in 
these populations. Finally, the N1 habituation may be used as an indicator 




word learning with a particular target of the neural representations of 
whole-words in the right hemisphere.   
5.5. Conclusion 
To conclude, our study presented evidence that the lack of lexical-level 
representations in tonal pseudo-word forms could result in differential N1 
habituation patterns between real and pseudo-word forms derived from 
Mandarin Chinese in native listeners. The results suggest early access to 
lexical-level representations of tonal words given very limited acoustic 
input (between 103 and 122 ms after the word onset). These findings also 
imply that, differing from the traditional neural network of speech 
representation lateralised to the left hemispheric, the lexical-level 
phonological representation accessed in the early N1 time window in a 
habituation paradigm could have right-hemispheric dominance.  
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